observed by NMR spectroscopy and in the solid state as shown by the single crystal X-ray structure of 2. These compounds exhibit good activity for rac-lactide polymerization in solution and in molten lactide.
Introduction
Polylactide continues to be at the forefront of biodegradable, biosourced and biocompatible polymer synthesis. It is central to the development of sustainable polymers, an area of critical importance for the design of new materials that reduce environmental and health impacts resulting from their manufacture, use, and their end-of-life properties. [1] [2] [3] [4] The array of different metal complexes studied for the ring-opening polymerization (ROP) of lactide has been described in several reviews [5] [6] [7] [8] and examples of metal-containing initiators vary considerably in terms of the metal centre and ligands employed. Complexes of amino-bis( phenolates) exhibit interesting structural and electronic properties, as well as catalytic behaviour; the variety of metal complexes with this ligand class has also been reviewed. 9 Derivatives of this ligand class have been used in main group and d-block metal chemistry, including lithium, [10] [11] [12] [13] [14] [15] [16] [17] [18] magnesium, [19] [20] [21] [22] [23] [24] [25] calcium, 26 rareearths, 27 ,28 zinc, 20, [29] [30] [31] [32] [33] [34] [35] [36] [37] aluminum, 7,38,39 zirconium 40, 41 and titanium. 42 Many of these complexes have been reported to be excellent initiators for the ROP of cyclic esters such as lactide and ε-caprolactone. For the ROP of cyclic esters, earth abundant alkali and alkaline earth metal compounds have become particularly important in the search for efficient, stable, inexpensive and non-toxic catalysts. We have previously reported the structures and catalytic lactide ROP activity of lithium and potassium amino-bis( phenolato) compounds. 43, 44 Magnesium compounds also have great potential as ROP catalysts for the preparation of PLA particularly for biomedical applications, as Mg is a biocompatible and non-toxic metal and thus the residue of these metals in the resulting polylactide is not of great concern. 45, 46 Furthermore, magnesium compounds have been shown to elicit high reaction rates for copolymerization of CO 2 and epoxides. 47 Magnesium complexes reported by Ma and co-workers exhibited some of the highest activities in ROP of cyclic esters by this metal. 48, 49 The high activity for the ROP of rac-lactide may be due to the monomeric nature of these magnesium bis-(silyl)amido complexes supported by tetradentate monophenolate ligands and the presence of a reactive monodentate amido ligand. A TOF of 36 560 h −1 was achieved when 10 000 equiv. of rac-lactide was converted to polylactide in 15 minutes at 25°C in the absence of any co-catalyst. One of these complexes showed very high activity even under melt conditions at 110°C giving 72% conversion with a TOF of 86 880 h −1 . Magnesium compounds supported by tridentate monophenolate Schiffbase ligands and benzyl alkoxide also proved active for L-lactide polymerization in CH 2 Cl 2 solutions. 21 In both these cases, it is likely the monodentate amido or alkoxide ligand that serves as the initiation site. In light of these high activities, we investigated the activity of magnesium amino-bis( phenolato) complexes towards ROP of rac-lactide under melt conditions and in solution. Magnesium complexes of aminophenolate ligands have previously been reported by others but their activity for ROP of lactides was not tested or they showed very low or no activity. [50] [51] [52] [53] In this report, we present the synthesis and characterization of two new magnesium amine-bis(phenolate) complexes that show good lactide ROP activity in both melt and solution conditions.
Results and discussion

Synthesis and characterization of proligands and magnesium complexes
Tetradentate tripodal amine-bis( phenol) proligands (Scheme 1) were synthesized via a modified Mannich condensation reaction in water. 54 The substituted phenols contained The corresponding ligand was reacted with one equivalent of di(n-butyl)magnesium in toluene at −78°C to afford complexes 1 and 2 (Scheme 1). The NMR spectra of complexes 1 and 2 in non-coordinating solvents revealed that the compounds exist as dimers in solution. The 1 H-NMR spectrum of 2 in C 6 D 6 showed two t-butyl environments implying inequivalent phenolates. This was further supported by the existence of four aromatic proton resonances arising from the phenolate rings occupying inequivalent coordination sites at the magnesium centres. The methylene resonances exist as four doublets. Two doublets are expected for a monometallic complex given the diastereotopic environments resulting from coordination to the metal centre. The existence of the four doublets arises from asymmetric phenolate sites where one phenolate of each ligand occupies a bridging position between two magnesium ions. The solid-state structure of compound 2 confirmed the proposed connectivity (see below). In coordinating solvents, such as pyridine or DMSO, the NMR spectra are consistent with monometallic compounds. The 1 H NMR spectra of 1 in C 6 D 6 or toluene-d 8 showed the presence of several isomers suggesting the existence of dimeric species but also of more than one structural isomer (e.g. syn and anti oriented pendent donors) present in solution. Similar isomerism has been observed in zirconium amine-tris( phenolates).
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MALDI-TOF mass spectrometry (see Fig. S1 and S2 in ESI †) showed complexes 1 and 2 exhibit dimeric structures in the gas phase as well as in solution and the solid state. Peaks at m/z 1028.50 (rel. intensity 100%) and m/z 514.26 (58%) corresponding to the dimer and monomer fragment ions, respectively, were observed for complex 1. For complex 2, the peak assigned to the dimer at m/z 924.52 was very weak (3%) and the peak at m/z 462.25 (100%) corresponds to the monomer.
Colourless crystals of 2 suitable for single crystal X-ray diffraction were obtained from saturated toluene solutions at −35°C. The solid-state molecular structure with selected bond lengths and angles is shown in Fig. 1 . Crystallographic and structure refinement data can be found in Table S1 in ESI. † The dimeric structure with chemically distinct phenolate groups is consistent with the NMR studies discussed above. Each magnesium centre is five-coordinate and bound to two nitrogen donors and three oxygen donors. Four of the coordination sites are occupied by the chelating diamine-bis( phenolate) ligand, while the fifth coordination site is occupied by a bridging phenolate oxygen. 
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A brief comparison of the structural properties of magnesium amine-bis( phenolate) complexes follows. The trigonality index, 58 τ, for 2 is 0.27 at both magnesium centres, which more closely approaches a distorted square pyramidal (τ = 0) rather than a trigonal bipyramidal geometry (τ = 1). The related magnesium complex reported by Jerzykiewicz and coworkers differs from 2 in that it contains one methyl substituent at the para position of the phenolate ring and no substituents at the ortho position resulting in a much less sterically encumbered metal site. 50 This is manifested in a rhombic A similar complex was reported by Sobota and co-workers possessing the tripodal amine-bis( phenolate) ligand, N,N-bis-(3,5-di-tert-butylbenzyl-2-hydroxy)tetrahydrofurfurylamine. 52 This complex showed no activity in ring opening polymerization of lactide even at 110°C in solution, which was attributed to the bulkiness of the ligand and the persistence of the dimeric nature of the complex in non-coordinating, aromatic solvents. Magnesium N,N-bis(3,5,-di-tert-butylbenzyl-2-hydroxy)dimethylethylenediamine was prepared by Bochmann and coworkers using magnesium bis[bis(trimethylsilyl)amide] (instead of the more commonly used di(n-butyl)magnesium) to give a complex that, although not structurally authenticated, is expected to be similar to those discussed above. 53 This complex showed poor activity (only 5% conversion) in the ROP of ε-caprolactone (CL) in toluene at 60°C for a [CL] :
[Mg] ratio of 200 : 1. Although the solution-state ROP experiments of the previously reported magnesium-bis( phenolate) complexes were not encouraging, we believed that under melt conditions compounds 1 and 2 may exhibit activity. Indeed, rac-lactide can be polymerized by 1 and 2 in the bulk at temperatures above 125°C and, to our surprise, in toluene solutions at 90°C.
Ring opening polymerization in the melt
Melt phase ROP has attracted much interest recently as it offers a viable technique for industry. 59 There are examples for lactide ROP in the melt catalysed by a variety of metal complexes, such as sulphonamide-supported aluminum complexes, 60 Ni(II) and Ni(II)-Sm(III) salen complexes, 61 aluminumsalen 62 and salen-like 63 complexes, zirconium and hafnium amine tris( phenolate) alkoxides, 64 but solvent-free lactide ROP with an earth-abundant, non-toxic metal initiator at low catalyst loading still remains a challenge. Magnesium complexes 1 and 2 were assessed for their capabilities toward the ROP of rac-lactide under industrially relevant melt (solvent-free) conditions above 125°C. The polymerization results are summar- Table 1 . Polymerization occurred with or without a coinitiator (benzyl alcohol, BnOH). In general, the polymer molecular weights observed by gel permeation chromatography were lower than expected, likely due to mass transfer issues in the melt. Also, lower molecular weight polymers were obtained when BnOH was used, but the dispersity values were lower indicating a more controlled polymerization. Higher molecular weight and monodisperse polymers were obtained when catalyst loading is decreased. Interestingly, the physical appearance of the polymers was found to depend on whether BnOH was used (which gave thin films) or not (which gave crystalline white solids). The mechanical properties of the polymers are discussed below. Complex 1 showed slightly better conversions than complex 2, so 1 was chosen to carry out further reactions. When the catalyst loading was lowered to 0.1 mol% (entries 9-14), lactide conversion remained high translating to an increase in activity with good control as shown by the narrow dispersities of the polymers obtained. Polymerization remained controlled even in the absence of BnOH co-initiator. Highest molecular weights were obtained when the polymerization was run for 180 min (entry 11) or when the temperature was raised to 150°C (entry 14). Activity was still observed upon further decreasing the catalyst loading to 0.04 mol% at this temperature, but with low conversion (16%) (entry 15).
Kinetic studies performed with 1 under conditions given in Table 1 , entry 3 revealed that the polymerization reached completion in 60 minutes (see Table 2 ). Molecular weights increase with increasing time and conversion and the dispersity values are generally low (1.14-1.40). The difference in conversion between entry 5 and 6 is not significant, but the difference in molecular weight is in accordance with the phenomenon observed earlier in Table 1 , entry 11 that it is favourable to leave the polymerization to occur for longer time to achieve higher molecular weight polymers.
The conversion vs. time plot (Fig. S3 in ESI †) shows that polymerization starts once a homogenous melt is achieved (after 5 minutes at 125°C), the rate of conversion remains almost linear for the next 10 min and then accelerates for 5 min before returning to a constant rate. The discontinuity in conversion rate implies an induction period, which could be a result of dimer dissociation in order to form the active species. Solution polymerization kinetics studies (see below) are consistent with this theory. The MALDI-TOF mass spectra of the polymers obtained in the melt in the absence of BnOH showed the presence of both cyclic poly(rac-lactide) and linear chains terminated with -OH and carboxylic acid end groups ( Fig. S4 and S5 in ESI †).
Mechanical properties of the polymers obtained under melt conditions
Polymerizations were performed on a larger scale using 1.0 g (instead of 0.5 g) of rac-lactide according to the conditions in Table 2 Time dependence of melt-phase rac-lactide polymerization by 1 ) determined by triple detection gel permeation chromatography (GPC) in tetrahydrofuran using a dn/dc value of 0.049 mL g 67 It should be noted that the polymers used for thermal analysis were highly purified by precipitation, centrifugation, decanting of solvents, washing with cold methanol and drying by vacuum oven overnight at 40°C. Regarding polymer tacticity, the solvent-free (melt) ROP of rac-lactide using 1 gives an atactic microstructure of poly(rac-lactide). This is not surprising given the achiral ligands used in compounds 1 and 2 and the poor polymer M n control. A representative 1 H{ 1 H}-NMR spectrum of the methine resonances of poly(rac-lactide) is given in Fig. S9 in ESI. † Highly isotactic polylactide stereopolymers can be obtained solvent-free at 130°C using salen aluminum alkoxides at a monomer/initiator molar ratio of 200, but the reaction rates were very slow (95% conversion after 2 days). 68 
Ring opening polymerization in solution
Polymerization at room temperature did not occur in either CH 2 Cl 2 or THF with complexes 1 and 2. However, upon heating to 90°C with 1 equivalent of isopropyl alcohol (iPrOH) as co-initiator complex 2 exhibited fast propagation in toluene achieving 98% conversion in 12 minutes (Table 3 , entry 1 and Fig. 2 ). Use of iPrOH accelerates the polymerization activity compared to using 2 alone, but gives lower than expected polymer molecular weights likely resulting from transesterification. Increasing the amount of iPrOH as co-initiator to 10 equivalents with respect to 2 resulted in faster reaction rate but much lower molecular weight and narrower dispersity (entry 2). The plot of conversion vs. time (Fig. 2) indicates an induction period of approximately 7 minutes before the onset of the expected conversion curve. This non-linearity is apparent when attempting to model the data using a first order kinetics plot over the whole reaction time (Fig. S10 in ESI †). These observations can be explained if one considers the dimeric form of 2 in toluene as being inactive to ROP of raclactide. Hence, activation of the complex is achieved in the presence of co-initiator, possibly via formation of monomeric alcohol adducts. Once an active species is obtained, ROP proceeds quickly at 90°C, thus explaining the rapid increase in conversion after 7 minutes and effectively complete consumption of monomer after 12 minutes. This is consistent with the activity vs. t plot (Fig. S11 in ESI †) , which shows the highest activity was observed between 9 and 15 min. NMR spectra following the reaction profile are given in Fig. S12 in ESI. † The influence of the co-initiator on polymerizations in toluene was investigated. The polymerization without a coinitiator (Table 3 , entry 3) proceeded very slowly and any conversion of lactide was only observed after 30 min in toluene at ) determined by gel permeation chromatography (GPC) in CHCl 3 calibrated against polystyrene standards using the Mark-Houwink correction of 0.58. 90°C, which is consistent with a slow initiation period. In the presence of BnOH, however, the reaction proceeded very quickly and achieved 98% conversion within 6 minutes (Table 3 , entry 4). The polymerization demonstrates first order reaction profiles with respect to [LA] in either the presence or absence of BnOH (Fig. 3) . The observed rate constant, k obs , in the presence of BnOH was 0.828 min −1 whereas in the absence of BnOH was 9.87 × 10 −2 min −1 . When the concentration of BnOH was doubled (Table 3 , entry 5), the molecular weight of the polymer decreased by half, which suggests a well-behaved immortal ROP with rapid, reversible chain transfer between growing PLA fragments and dormant hydroxyl-terminated polylactide chains.
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Mechanistic proposal
Without addition of exogenous alcohol, the ROP of LA is slower in solution than when the alcohol co-initiator is present. Initiation by nucleophilic attack of the phenolate ligand on the monomer has been observed in related lithiumphenolate complexes. 10, 44, 69 In melt polymerization, however, there is no significant loss of control of the polymerization when conducted in the absence of alcohol co-initiator. The observation in the MALDI-TOF mass spectrum of cyclic polylactide alongside acyclic polymer possessing carboxylic acid and hydroxyl end groups (resulting from hydrolytic quenching of polymerization with acidified methanol) is consistent with phenolate-initiated ROP (Scheme 2). The mechanism of polymerization and the role of the alcohol co-initiator require closer examination, particularly since the majority of binary systems (employing a Lewis acidic metal site and an added alcohol as initiators) hypothesize coordination-insertion mechanisms. Carpentier, Sarazin and co-workers suggest that activated monomer mechanisms should not be excluded and have performed elegant studies of alkali aminoether-phenolate complexes that provide strong evidence that this mechanism at play under living or immortal ROP conditions of L-LA. Table 3 . The reaction of a 1 : 1 ratio ( per Mg centre) of 2 and BnOH was followed by 1 H NMR at 363 K. After 10 minutes at this temperature, in addition to those of complex 2 alone, new resonances were observed consistent with monomeric Mg compounds (see Fig. S14 ESI † for 1 H NMR spectra). It is not unequivocal whether the BnOH is coordinated to the metal centre since the benzyl methylene peak is slightly broadened at this temperature, possibly from an exchange process as suggested by the continued presence Table 3 , entries 3 and 4.
Scheme 2 Proposed mechanism for ROP of LA by 2 without added alcohol co-initiator. Generation of cyclic polymer is shown, but hydroxyl or carboxylic acid end groups may be obtained by protonolysis.
of dimer in the spectrum. Also, a very small peak at 9.19 ppm could be observed upon expansion of the region of the spectrum, suggesting that the presence of protonated ligand,
The reaction of a 1 : 1 : 1 mixture of rac-LA, 2 and BnOH was monitored under the same conditions. Within 10 minutes at 363 K the product of lactide ring-opening, benzyl-2-((2-hydroxypropanoyl)oxy)propanoate or its deprotonated alkoxide form, was observed. It is possible that the ring-opened lactide remains coordinated to the Mg site, since a phenolic -OH resonance is observable at 9.22 ppm indicating protonation of a phenolate oxygen. The proposed mechanism is shown in Scheme 3. Based on these observations, an activated monomer mechanism may be occurring, but further investigation is needed.
Conclusions
Magnesium amine-bis( phenolate) compounds 1 and 2 showed catalytic activity for the ROP of rac-lactide both in toluene solutions and solvent-free (melt) to give atactic poly(rac-lactide). Kinetic studies showed that conversion of rac-lactide is essentially complete within 60 minutes in the melt at 125°C, although the resulting polymers exhibit broad dispersities. Solution polymerization studies in toluene at 90°C indicate long initiation periods in the absence of an alcohol coinitiator, but rapid initiation when a suitable co-initiator is used. Complex 2 proved to be an efficient initiator in solution at 90°C with a [LA] : [Mg] ratio of 100 : 1 regardless of whether a co-initiator was used or not. Without a co-initiator an initiation period of ∼30 min was observed, after which time the propagation showed a slow first order reaction profile with respect to rac-lactide concentration and effectively complete conversion within 210 minutes. The polymerization was accelerated significantly by the addition of a co-initiator, either iPrOH or BnOH. Preliminary mechanistic studies support an activated monomer pathway, but more detailed studies are ongoing.
Experimental
General experimental conditions
Unless otherwise stated, all manipulations were performed under an atmosphere of dry, oxygen-free nitrogen by means of standard Schlenk techniques or using an MBraun Labmaster DP glove box. Anhydrous THF was distilled from sodium benzophenone ketyl under nitrogen. Isopropyl alcohol was dried over calcium oxide, then distilled under nitrogen. Toluene was purified by an MBraun Manual Solvent Purification System. Reagents were purchased either from Aldrich or Alfa Aesar and used without further purification. Rac-lactide was purchased from Aldrich or Alfa Aesar and dried over sodium sulphate in THF, recrystallized and stored under an inert atmosphere prior to use. Benzyl alcohol was purchased from Alfa Aesar and dried over activated 4 Å molecular sieves, distilled under reduced pressure and stored under nitrogen in an ampule prior to use.
Instrumentation
MALDI-TOF MS was performed using an Applied Biosystems 4800 MALDI TOF/TOF Analyzer equipped with a reflectron, delayed ion extraction and high performance nitrogen laser (200 Hz operating at 355 nm). Samples were prepared in the glove box and sealed under nitrogen in a Ziploc© bag for transScheme 3 Proposed mechanism for ROP of LA by 2 with benzyl alcohol co-initiator.
Dalton Transactions Paper
This port to the instrument. Anthracene was used as the matrix for compounds 1 and 2 and 2,5-dihydroxybenzoic acid (DHBA) was used as the matrix for the polymers. Thermogravimetric analysis (TGA) was performed with a TA Instruments Q500. Samples (4-15 mg) were loaded onto a platinum pan and subjected to a dynamic high-resolution scan, with an initial heating rate of 5 or 10°C min −1 . Each sample was heated from room temperature to 600°C. Glass transition (T g ) temperatures were measured using a Mettler Toledo DSC 1 STAR e System equipped with a Julabo FT 100 immersion cooling system, using R1150 refrigerant in an EtOH bath with a working range of −100 to +20°C. Samples (∼5 mg) were weighed into 40 µL aluminum pans and subjected to three heating cycles. The first heating cycle consisted of heating from 0 to 100°C at a rate of 10°C min −1 , held for 2 min at 100°C and then cooled back to 0°C at 10°C min −1 .
The sample was held at this temperature for 2 min and subjected to a two heating cycles from 0 to 190°C at a rate of 10°C min −1 .
Synthesis of compounds
. Aminomethylpyridine (6.65 g, 0.0615 mol) was slowly added to a vigorously stirred mixture of 3-tert-butyl-5-hydroxyanisole (22.17 g, 0.123 mol) and formaldehyde (9.16 mL of a 37% aqueous solution, 0.123 mol) in deionized water (100 mL) in a round bottom flask equipped with a magnetic stir bar. This mixture was heated to reflux and stirred overnight. Upon cooling, a large quantity of white solid formed. The solvent was decanted and the solid was washed with cold methanol then recrystallized from a chloroformmethanol solvent mixture to give a white crystalline powder (25.06 g, 82% yield). Anal. Calcd For C 30 . N,N-Dimethylethylenediamine (5.45 g, 61.8 mmol) was slowly added to a vigorously stirred mixture of 2-tert-butyl-4-methylphenol (20.23 g, 123 mmol) and formaldehyde (10.0 mL of a 37% aqueous solution, 0.123 mol) in deionized water (100 mL) in a round bottom flask equipped with a magnetic stir bar. The mixture was heated to reflux and stirred for approximately 24 hours, at which point a large amount of orange-brown solid had formed. The mixture was decanted and the remaining solid residue was washed with ice-cold methanol to yield a white powder. Recrystallization from chloroform produced analytically pure product (yield: 23.8 g, 88%). Spectroscopic characterization was consistent with that previously reported. [1] ratio was carried out with 500 mg (3.47 mmol) rac-lactide and 3.57 mg (6.93 × 10 −3 mmol) of complex 1 weighed into a 10 mL scintillation vial equipped with a small stir bar in the glove box. The closed vial was taken out of the glove box and placed into an aluminum block vial holder, which was pre-heated on a hotplate to 125°C. A typical polymerization was run for 100 minutes. The vial was then placed in an ice bath to halt the reaction and solidify the polymer. The solids were dissolved in dichloromethane or chloroform and the polymer was precipitated with acidified methanol. Centrifugation was applied where needed for better separation of the solids. Solvents were decanted and the white solids (either crystalline or thin film-like) were dried in vacuo followed by drying in a vacuum oven at 40°C overnight. Solution polymerization. The appropriate amount of complex 1 or 2 and alcohol (iPrOH or BnOH) were placed in an ampule equipped with a PTFE valve. A second ampule was prepared containing a stir bar and the required amount of monomer and toluene (7.50 mL). Both ampules were heated to 90°C for ∼30 min, after which time the lactide solution was transferred by cannula to the complex mixture. Timing of the reaction began when all the lactide was transferred. An aliquot of the reaction mixture was taken for 1 H NMR analysis at certain time intervals. When the presence of monomer was no longer apparent by 1 H NMR, volatiles were removed in vacuo and the solid residue was dissolved in CH 2 Cl 2 and precipitated using cold methanol. Solvents were decanted and the white solids were dried in vacuo followed by drying in a vacuum oven at 40°C overnight.
